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A Bayesian statistical analysis using redshift space distortions data is performed to test a model of
Symmetric Teleparallel Gravity where gravity is non-metrical. The cosmological background mimics
a ΛCDM evolution but differences arise in the perturbations. The linear matter fluctuations are
numerically evolved and the study of the growth rate of structures is analysed in this cosmological
setting. The best fit parameters reveal that the σ8 tension between Planck and Large Scale Structure
data can be alleviated within this framework.
I. INTRODUCTION
In the last two decades, a plethora of ground and satel-
lite based data of the cosmic microwave background ra-
diation, galaxy distribution and supernova Ia brightness-
redshift relation was gathered to convey the simple suc-
cessful Lambda Cold Dark Matter cosmological model
(ΛCDM). Assuming a ΛCDM model, however, a ten-
sion between CMB observations and redshift space dis-
tortion measurements on the amplitude of the matter
power spectrum at the scale 8h−1Mpc, (σ8) is found [1–
6]. Planck values suggest a higher rate of clustering in
comparison with late large-scale observations. Proposals
to solve or alleviate this problem have been put forward
assuming extensions of the standard model of cosmol-
ogy, such as modified gravity [7, 8] and dynamical dark
energy models [9–11]. These have dynamical evolutions
for the matter perturbations distinct from the evolutions
obtained with the standard ΛCDM, which consequently
makes it possible to obtain values of σ8 that are concor-
dant.
In this work we seek yet another explanation for the
discrepancy as we study the evolution of matter pertur-
bations in modified F (Q) gravity [12–14], the nonlinear
generalisation of the improved version of General Rela-
tivity [15] on a flat and torsion-free spacetime contin-
uum known as Symmetric Teleparallel Gravity (STG)
[16–18]. There is a number of recent studies of mod-
ified STG models and their applications in cosmology
[19]. In [20] the authors introduced a coupling of the
non-metricity scalar Q to the matter sector, thus break-
ing the covariant conservation of the energy-momentum
tensor, and explored the dynamical evolution for several
specific coupling functions, see also [21]. Models assum-
ing the existence of a scalar field nonminimally coupled to
non-metricity, called the scalar-non-metricity theories of
gravity, were proposed in [22, 23]. The authors explored
the resemblances of these theories with scalar-curvature
and scalar-torsion models, found an equivalence of the so-
lutions of F (Q) and the metric teleparallel F (T ) models
on the flat Friedmann cosmology, and considered confor-
mal transformations, see also [24]. The propagation of
tensor modes in STG has been studied [25–28] exploring
also the possible new parity-violating signatures [29, 30].
Finally, the relevance of the modified Newtonian limit in
F (Q) gravity to dark matter phenomenology was inves-
tigated in [31, 32].
Here we focus on a particular model of F (Q) Cosmol-
ogy in which the background is constructed to mimic a
ΛCDM evolution in General Relativity. However, at the
perturbative level, the evolution of the matter fluctua-
tions deviates from the standard model. As it will be
shown, by testing this model against redshift space dis-
tortion data, these deviations are sufficient to alleviate
the present σ8 tension. We perform a likelihood analysis
in order to find the most viable parameter space, given
the specific range of the dataset considered, and analyse
our results.
Note that there is also a tension on the Hubble rate
parameter, H0, between local measurements [33] and the
Planck data [34]. As this model fixes the background to
exactly mimic ΛCDM, with H0 being a background pa-
rameter, the model presented here does not address this
problem. Note however that some studies haven shown
that it is possible to solve this tension with modified F (T )
gravity [35–39]. As there is an equivalence between F (T )
and F (Q) at small scales [13], we expect it would be pos-
sible to achieve the same goal with STG.
This manuscript is organized as follows: Section II in-
troduces the specific cosmology considered in this study
and the equations governing the background and the evo-
lution of matter fluctuations. On section III we present
the dataset used in our study, expose the methodology,
perform a likelihood analysis and interpret our results.
Finally we conclude in section IV.
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2II. COSMOLOGICAL MODEL
This work focuses on modified gravity models of F (Q),
characterised by the non-metricity tensor defined as
Qαµν = ∇αgµν , (1)
where the non-metricity scalar Q, [13], is the invariant
constructed by the contraction,
Q = −QαµνPαµν . (2)
The tensor Pαµν is the non-metricity conjugate,
Pα µν = −1
2
Lαµν +
1
4
(
Qα − Q˜α
)
gµν − 1
4
δα(µQν) , (3)
with the object
Lαµν =
1
2
Qαµν −Q(µν)α , (4)
known as the disformation, and the two traces are
Qα = g
µνQαµν , Q˜α = g
µνQµαν . (5)
We then consider the following action,
S =
∫
d4x
√−g
[
− 1
16piG
F (Q) + Lm(φ,∇φ)
]
, (6)
where Lm is the Lagrangian for the matter fields. The
field equations and geometrical interpretation on such
flat and torsion-free setting where thoroughly explored
in [40].
We will now focus on a flat, homogeneous and isotropic
Universe, described by the FLRW line element
ds2 = −dt2 + a(t)2dx2 , (7)
with a(t) being the scale factor and t represents cosmic
time. The non-metricity invariant Q, Eq. (2), then be-
comes Q = 6H2 where H = a˙/a is the Hubble rate and
a dot represents derivative with respect to t. Within this
geometrical setting, the field equations emerging from
the action Eq. (6), considering pressureless matter and a
cosmological constant Λ (ΛCDM), are [15]:
2FQH
2 − 1
6
F =
8piG
3
ρm +
Λ
3
, (8)(
12H2FQQ + FQ
)
H˙ = −4piGρm , (9)
where ρm and Λ represent the energy density of matter
and the cosmological constant, respectively, and FQ =
∂F/∂Q.
As mentioned earlier, in this current work we fill focus
on the specific form of F (Q) which takes us promptly to
a GR background. This is achieved by setting the left
hand side of Eq. (8) equal to H2, resulting in [13]:
F (Q) = Q+M
√
Q+ C , (10)
where M and C are constants with dimensions of mass
and mass2 respectively. Indeed, this choice holds the
standard Friedmann equation
H2 =
8piG
3
ρm +
Λ
3
+
C
6
, (11)
and the matter fields then follow the continuity equation,
ρ˙m + 3Hρm = 0 . (12)
For details see [13]. Note that the constant C behaves ex-
actly as a cosmological constant. Thus, the cosmological
constant term can be entirely introduced in the gravita-
tional Lagrangian through Eq. (10) by setting C = 2Λ or
on the matter Lagrangian fixing in this case C = 0.
Equation (10) is interesting since it introduces a free
parameter M , related to a certain mass scale, without
having any influence whatsoever on the background evo-
lution. At the perturbative level however this will modify
the growth of fluctuations and may be used to fit cosmo-
logical observations, as it will be shown.
The evolution of matter overdensities, denoted by δ,
in the small scales limit were derived in [13], and can be
written as,
δ¨ + 2Hδ˙ − 4piG
FQ
ρm δ = 0 , (13)
which is similar as in standard GR with a varying gravi-
tational constant only at the perturbative level, Geff/G =
1/FQ, sourced by the non-metricity. Note that Eq. (13)
reduces to pure GR by setting M = 0 in Eq. (10).
It is useful to rewrite Eq. (13) with respect to the num-
ber of e-folds N = ln a, i.e. δ˙ = Hδ′. With F (Q) as given
by Eq. (10), we obtain
δ′′ + δ′
(
2 +
H ′
H
)
− 3
√
6H
2
√
6H +M
Ωmδ = 0 , (14)
where we have defined the relative energy density pa-
rameter of matter, Ωm = 8piGρm/3H
2. Although the
background of this model remains unaffected by varying
M , the matter perturbations are suppressed as M grows,
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FIG. 1. Derivative of the density contrast, δ′, for M = −2
(dotted), ΛCDM (solid) and M = 1 (dashed). M values are
in H0 units.
3or enhanced for M < 0, depending on the corrective force
term in Eq. (14). This effect is shown in Fig. 3 where δ′
in terms of redshift, 1 + z = 1/a, is depicted for different
values of M . It is useful to express M in units of H0 and
hereafter we will always present our results accordingly.
The standard model of cosmology has survived
throughout a remarkably number of observational tests
so far, particularly at the background level. Therefore,
and since we wish to compare F (Q) predictions versus
the standard ΛCDM, here we fix its parameters to the
latest Planck 2018 results [34].
There are two specific values of M of great interest that
are taken as reference models. The first is a pure ΛCDM,
obtained setting M = 0, i.e. F (Q) = Q, with both the
background and perturbations evolving as in the stan-
dard model of Cosmology. The second value is obtained
associating the mass scale M with the cosmological con-
stant (i.e. with C). Assuming that the function F (Q) is
of the form:
F (Q) =
(√
Q+
M
2
)2
, (15)
we obtain a cosmological constant in the Friedmann
equation with C = M2/4 in Eq. (10). If this is to be
the only cosmological constant, then M2 = 24H20 Ω
0
Λ,
which using the latest Planck 2018 [34] values yields
M = 4.0544. Hence we can write this second case as,
F (Q) = Q+
√
8ΛQ+ 2Λ , (16)
where the background follows a ΛCDM evolution, but
not the perturbations.
III. ANALYSIS AND RESULTS
Due to the peculiar velocities of galaxies in a cluster,
the shape of that cluster in redshift space appears dis-
torted to an observer. This effect is known as redshift
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FIG. 2. Evolution of fσ8 for M = −2 (dotted), ΛCDM
(solid) and M = 2 (dashed) with a fixed value of σ8 = 0.8.
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FIG. 3. Evolution of fσ8 given the best fit values for ΛCDM
(solid), F (Q) = Q+M
√
Q (dashed) and M2 = 8Λ (dotted).
Data points can be found on Table I of [43].
space distortions (RSD) [41], and can serve as a probe of
structure formation processes.
The aim of this work is to test the predictions for the
growth of matter (baryons + CDM) perturbations by
numerical integration of Eq. (14), against observational
data of RSD. To this end, we introduce the growth rate
parameter, f = δ′(N)/δ(N), which depicts the rate at
which the δ fluctuations grow. RSD data usually con-
strain the combination
fσ8(N) = σ8
δ′(N)
δ(0)
, (17)
where σ8 = σ8(0) is the present amplitude of the matter
power spectrum at the scale of 8h−1Mpc [34, 42]. Natu-
rally, this parameter is strongly influenced by the source
term in Eq. (14), thus strongly depends on the parameter
M . This trend is depicted in Fig. 2.
1. Dataset and statistics
In this work we use a dataset consisting of 22 data
points, referenced in Table I of [43].
The authors of [4] constructed a robust subsample of
18 independent data points, the so called ’Gold-2017’
growth dataset, from a total of 34 data points for fσ8.
The validity of this dataset – with four new data points
added – was later analysed through a Bayesian model
comparison and performing cross-checks to validate its
sensitivity [43]. They confirmed that the dataset pre-
sented in Table I of [43] is internally robust. In this work
we use these observational values for fσ8, which have
already been employed in other investigations [44, 45].
The data points and respective redshifts z are shown in
Fig. 3.
As mentioned in [4, 43], the observations of the data
points were conducted assuming specific values for a fidu-
cial cosmological model in order to calculate the distances
to the sources. These are also listed in Table I of [43].
4Model M σ8 Nfp χ
2 χ2/dof AICc ∆AICc
ΛCDM 0 0.7535± 0.0280 1 13.1227 0.6249 15.3227 0.5951
F (Q) = Q+M
√
Q 2.0331+3.8212−1.9596 0.8326
+0.1386
−0.0630 2 11.9960 0.5998 16.6279 1.9003
F (Q) = Q+
√
8ΛQ+ 2Λ 4.0544 0.8987± 0.0332 1 12.5276 0.5966 14.7276 0
TABLE I. Best fit values for M (in units of H0) and σ8, number of fitted parameters (Nfp) and respective χ
2 and AICc values.
Thus, we follow the procedure described in [46] correcting
the fσ8 parameter by the ratio,
r(N) =
HobsDobsA
HthDthA
, (18)
of the reference cosmology used in the observations by the
theoretical model we are testing. Here, H is the Hubble
parameter and DA the angular diameter distance,
DA =
1
1 + z
∫ z
0
1
H(z′)
dz′ . (19)
We then perform a likelihood analysis letting M and
σ8 = σ8(0) to be free parameters. The likelihood is cal-
culated through,
L = A exp
(−χ2/2) , (20)
where A is a normalization constant and the χ2 is given
by,
χ2 = [di − r(Ni) ti]T C−1ij [dj − r(Nj) tj ] , (21)
taking into account Eq. (18), with di, ti and Cij being
the vector of data, theory and the covariance matrix. It
is also useful to divide the χ2 by the degrees of freedom
(dof), which equals to the number of data points, Nd,
minus the number of fitted parameters, Nfp, resulting in
the reduced χ2:
χ2red =
χ2
Nd −Nfp . (22)
Comparing the reduced χ2 gives us a rough estimate on
how a model is preferred among others. However, there
are more rigorous criteria available for model compari-
son. Among them, a widely used test in the literature is
the Akaike Information Criterion (AIC) [47]. The AIC
formula [44, 45],
AIC = −2 ln (Lmax) + 2Nfp , (23)
takes into account the number of fitted parameters, and
in the case of a small sample size can be corrected as
AICc = AIC + 2
Nfp (Nfp + 1)
Nd −Nfp − 1 , (24)
in order to avoid over-fitting of the data. Note that the
correction becomes superfluous for Nd → ∞. Naturally,
the model with smaller AICc is favoured. However, we
will focus on the deviations ∆AICc = AICc − AICminc
from the model which minimizes the AICc. Models with
∆AICc ≤ 2, 4 ≤ ∆AICc ≤ 7 and ∆AICc ≥ 10 have
substantial support, considerably less support and essen-
tially no support, respectively [48].
2. Results
The best fit values are presented on Table. I, with the
respective statistical uncertainties. The evolution of fσ8
for the best fit values encountered for the three models
discussed is illustrated in Fig. 4. The best fit for ΛCDM
is σ8 = 0.7535 ± 0.0280 which is known to be in tension
with the Planck 2018 values σ8 = 0.811± 0.006 [34]. On
the other hand, introducing one more parameter, M , the
F (Q) cosmology has a best fit M = 2.0331+3.8212−1.9596 6= 0,
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FIG. 4. Constraints on M and σ8: contours for the 1σ
and 2σ regions and the respective marginalized curves for
F (Q) = Q + M
√
Q. A circle denotes the best fit value. The
vertical lines denote the reference models: ΛCDM (solid) with
a square marker on the best fit and for M2 = 8Λ (dashed)
with a triangle marker on the best fit.
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FIG. 5. Likelihood for σ8 (curves) and respective 1σ interval (shaded region), for the models labeled on top (dashed lines),
and the Planck reference (solid lines).
which curiously does not include ΛCDM (M = 0) at the
level of 1σ, and σ8 = 0.8326
+0.1386
−0.0630. The F (Q) = Q +√
8ΛQ+ 2Λ model has a best fit of σ8 = 0.8987± 0.0332.
This interval for σ8 is also in tension with Planck, though
in the opposite side of the Planck value. The contour
regions and marginalized curves are depicted in Fig. 4
for F (Q) = Q + M
√
Q, together with the best fit val-
ues for the two reference models, ΛCDM (solid verti-
cal line) and F (Q) = Q +
√
8ΛQ + 2Λ (dashed vertical
line). The σ8 value found has relatively larger uncer-
tainty due to its degeneracy with M , and includes the
Planck 2018 best fit well within the marginalized 1σ con-
strains, suggesting that it is possible to solve this tension
within this modified gravity framework. The likelihoods
for σ8 regarding the three models are depicted in Fig. 5
with the Planck likelihood (approximated as a Gaussian)
for reference. Both the χ2 and AICc tests favour the
F (Q) = Q +
√
8ΛQ + 2Λ model which has a best fit of
σ8 = 0.8987 ± 0.0332, with only one fitted parameter.
Of course the values for the AICc are all relatively close,
hence there is no strong evidence for a preferred model.
IV. CONCLUSIONS
In this work we have numerically evolved the linear
matter perturbations for two models of F (Q) cosmology,
and tested them against redshift space distortions data.
The first model adds one more parameter to the stan-
dard ΛCDM, and from the value of the χ2red parameter
of the statistical analysis, turns out to be a better fit
to the data. The central value of σ8 is very close to
the value obtained with Planck, within the uncertainty
of the analysis, thus alleviating the present σ8 tension
between RSD and the Planck data. The second model
associates the cosmological constant entirely to the gravi-
tational Lagrangian through a suitable choice of the mass
scale M in Eq. (10). This case appears to be favoured
over ΛCDM judging from the χ2red and AICc test values,
notwithstanding a tension with Planck as the value of σ8
is far larger than the one obtained with Planck.
This work explicitly shows how the presence of a free
parameter, affecting only first and higher order pertur-
bations, in modified gravity frameworks, in particular Q-
gravity, may naturally be tailored to fit cosmological data
and alleviate tensions on perturbative observables. The
theory seems promising and deserves a complete analysis
with several observables.
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